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Abstract: The effect of Ru on microstructure stability and stress rupture properties of a Ni3Al single-crystal alloy was investigated. 
The experimental results showed that the addition of 2% Ru (mass fraction) improved the microstructure stability due to the restraint 
of harmful Y-NiMo phase formation during the thermal exposure at the high temperature above 1 000 °C. And the reason may be that 
the addition of Ru increased the degree of Mo supersaturation in both γ and γ′ phases, and hence suppressed the precipitation of 
Y-NiMo phase. The results of stress rupture tests under the testing condition of 1 100 °C, 120 MPa showed that the addition of 2% 
Ru in the alloy improved the stress rupture lives significantly for thermal exposed samples. The improvement of the stress rupture 
properties may be attributed to the restraint of Y-NiMo phase precipitation and growth by the addition of the proper amount Ru. 
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A Ni3Al base single crystal alloy IC6SX with the 
nominal composition of Ni-7.8Al-14Mo-＜0.010 B has 
been used for the turbine vanes of several advanced 
aero-engines [1]. In long-term exposures to elevated 
temperatures, the formation of needle or rod-like 
Y-NiMo phases in alloy IC6SX caused serious 
deterioration in creep strength [2−4]. The precipitation of 
Y-NiMo phase was detrimental to the mechanical 
properties of the alloy due to the depletion of solid 
solution element Mo in both Ni3Al and γ-Ni(Mo) solid 
solution phases. And furthermore, Y-NiMo phase may be 
the crack initiation sites during the high temperature 
service. 
Recently, the addition of platinum group element 
ruthenium (Ru) has been reported to improve the 
microstructure stability and suppress the formation of 
topologically closed-packed (TCP) phases, resulting in 
the obvious  improvement of high temperature creep 
properties in new generation Ni-base single crystal 
superalloys [5−16]. However, very few studies on the 
addition of Ru in Ni3Al alloys have been reported [3]. 
Therefore, the influence of Ru addition on the 
microstructure stability and stress rupture properties of a 





The material used in the present study was a Ni3Al 
single crystal alloy named IC6SX. The compositions of 
the materials are listed in Table 1. Alloy 1 was a Ru-free 
alloy as the baseline alloy in this study, and alloy 2 was 
the alloy with the addition of 2% Ru (mass fraction) 
substituting for Ni. Two alloys were directionally 
solidified into single crystal bars with the dimension of 
14 mm in diameter and 150 mm in length. After 
solidification, they were solution heat treated at 1 280 °C 
for 10 h followed by the aging treatment of 870 °C for 
32 h with air-cooling [1]. 
Eight-mm thick discs samples were cut from 
heat-treated bars of each alloy, and subsequently 
thermally exposed at 1 000 °C for 50−1 000 h in order to 
investigate the influence of Ru on microstructure stability. 
The microstructure was observed using a JEOL CS3400 
scanning electron microscope (SEM) equipped with an 
energy disperse X-ray spectroscope (EDS) and a JEOL 
JXA8100 electron microprobe analysis (EPMA). The 
specimens for both SEM and TEM observation were 
prepared using exposed discs. 
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Table 1 Chemical compositions of experimental alloys (mass 
fraction, %) 
Alloy Al Ni Mo C B Ru
1 7.43 Bal. 14.07 0.014 0.029  
2 7.43 Bal. 14 .07 0.014 0.029 2 
 
The volume fractions of Y-NiMo precipitates were 
measured using the standard point counting method. The 
SEM back-scattered electron images (BSEI) were used to 
identify the big contrast between needle or rod-like 
Y-NiMo precipitates in white color and γ/γ′ phases in 
grey/dark color due to the high content of Mo in Y-NiMo 
phase. 
The density of Y-NiMo precipitates, i.e., the average 
number of precipitates in a unit area, was counted 
manually. And, the longest precipitates length, defined as 
the average length of the three longest precipitates 
lengths, was measured using electronic ruler. At least 
five SEM images were used for the determination of the 
volume fractions, density and longest length of 
precipitates in the present study. 
The element partitioning ratio of γ and γ′ phases, ki, 
was defined in Ref. [17]. In order to minimize the matrix 
effects, both alloys were thermally exposed at 1 000 °C 
for 300 h in order to obtain the size of γ and γ′ phases 
large enough (at least 1 μm in size) for analysis [18]. The 
composition of γ and γ′ phases was measured with a 
JEOL 2100F TEM with an energy dispersive X-ray 
spectroscope. 
 
3 Results and discussion 
 
3.1 Microstructure of as-cast alloys 
The microstructures of as-cast alloys 1 and 2 are 
shown in Fig. 1. It can be seen that the microstructure of 
the alloy consists of γ-Ni(Mo) solid solution, primary γ′- 
Ni3Al phase in the dendrites and interdendritic areas and 
white precipitates in the interdendritic area. The particle 
size of γ′ phase in the interdendritic area (region A) is 
finer than that in dendrites areas (region B). The white 
precipitates appeared in interdendritic area with the size 
of 10−20 μm, which is identified as Y-NiMo phase which 
has been identified in this study. 
Table 2 shows the chemical compositions of 
different areas measured by EPMA. It can be seen that 
the element segregation existed during the solidification 
process of both alloys, especially for the element of Mo, 
Ru and Al. Among them Mo and Ru mainly enriched in 
interdendritic area during solidification process and Al 
tended to segregate in the dendrite area. The results in 
Table 2 showed that the addition of 2% Ru did not 
change the distribution character of the elements but 
changed the distribution coefficients of Al and Mo in the 
 
 
Fig. 1 Back scattered electron images of as-cast alloy 1:     
(a) General microstructure; (b) Local magnified image of 
dentrite area; (c) Local magnified image of interdentrite 
 
dendrite and interdendritic areas, and decreased the 
segregation tendency of Mo. 
 
3.2 Microstructure of alloys after thermal exposure 
The specimens of the two experimental alloys with 
solution and aging heat treatment were isothermal 
exposed at 1 000 °C for different lengths of time to 
access the long-term microstructure stability. Figure 2 
shows the typical microstructures of alloys 1 and 2 after 
exposed at 1 000 °C for different periods of time. A 
significant amount of granule-like phases was observed 
in alloy 1 after exposure at 1 000 °C for 300 h, as shown 
in Fig. 2(a), while a very limited amount of granule-like 
phases precipitated in alloy 2 when subjected to the same 




Table 2 Chemical compositions of as-cast alloys 1 and 2 in different regions (mass fraction, %) 
Ni Al Mo  Ru 
Alloy Region 
x/% w/% x/% w/% x/% w/%  x/% w/% 
Dendrite 77.17 79.89 15.23 7.245 7.605 12.865  − − 
Interdendritic 74.03 73.15 12.98 5.90 12.985 20.95  − − 1 
k 1.04 1.09 1.17 1.23 0.59 0.61  − − 
Dendrite 75.97 77.25 14.45 6.75 8.69 14.44  0.89 1.56 
Interdendritic 74.00 71.40 11.05 4.90 13.35 21.04  1.60 2.66 2 
k 1.03 1.08 1.31 1.38 0.65 0.69  0.56 0.59 
 
 
Fig. 2 Microstructures of alloys 1 and 2 after thermal exposure at 1 000 °C for 600 h and 1 000 h: (a) Alloy 1, 600 h; (b) Alloy 2, 600 
h; (c) Alloy 1, 1 000 h; (d) Alloy 2, 1 000 h 
 
period of isothermal exposure, as shown in  Fig. 2(b).  
With the increment of time, the granule-like precipitates 
grew up into needle or rod-like phases. Under all period 
conditions, the number of needle or rod-like precipitates 
was larger in the base alloy, demonstrating the potent 
stabilizing effect of Ru additions. Not only is the number 
of needle or rod-like precipitation decreased in the 
Ru-bearing alloy, but also the size of the precipitates was 
notably impaired. Needle and rod-like precipitates were 
observed in both alloys 1 and 2 after exposure at 1 000 
°C for 1 000 h, as shown in Figs. 2(c) and (d), and the 
amount of needle or rod-like precipitates decreased 
significantly by Ru addition after long-term exposure for 
1 000 h. It is worth noting that there was a larger amount 
of needle or rod-like precipitates in alloy 1 than in alloy 
2. 
3.3 Identification of precipitates 
The TEM bright field image of a needle precipitate 
that formed in the non-Ru-containing alloy after 
exposure at 1 000 °C for 300 h is shown in Fig. 3, 
together with its diffraction pattern (inset). From the 
diffraction pattern taken from several directions, it was 
determined that these precipitates were  C-centered 
orthorhombic structure Y-NiMo phase with lattice 
parameters of a=0.455 nm, b=1.663 nm and c=0.871 nm, 
and belonging to Cmcm space group, which is the same as 
that identified by HAN et al earlier [2]. 
The average volume fractions of needle or rod-like 
precipitates of two experimental alloys after exposure at 
1 000 °C for 100, 300, 600 and 1 000 h are listed in 
Table 3. It has been found that under all the exposure 
conditions, the average volume fraction of needle or 





Fig. 3 Y-NiMo phases observed in alloy 1 after exposure at   
1 000 °C for 300 h and its diffraction pattern (inset) 
 




50 100 300 600 1 000 
1 0.3 1.1 1.8 1.1 1.25 
2 0.1 0.1 0.2 0.3 0.2 
 
rod-like precipitates in alloy 2 was much lower than that 
of alloy 1. And the results indicated that the addition of 
2% Ru in the Ni3Al single crystal alloy significantly 
suppressed the precipitation of needle or rod-like phases. 
It is worth noting that, after exposure for 300 h, the 
volume fraction of precipitates in alloy 1 decreased with 
the increment of exposure time. 
The growth rate of Y-NiMo precipitates depends on 
both the nucleation rate and growth rate of the 
precipitates. In order to clarify the effects of Ru addition 
on Ni3Al single crystal alloy, the nucleation rate was 
investigated initially by examining the number of 
precipitates formed in a unit area under different 
exposure conditions. The results in Fig. 4 reveal the 
initial nucleation number of precipitates at 1 000 °C for 
Ru-containing and Ru-free alloy at different exposure 
periods. It has been found that the addition of Ru 
decreased the number of precipitates formed in all 
exposure conditions. For instance, with the addition of 
2% Ru the number of precipitate nucleation rate 
decreased from 774.68 to 4.64 nuclei/(mm2·h) when  
the exposure time prolonged from 50 h and 100 h, which 
was a 99.4% reduction in precipitate nucleation rate; Ru 
addition clearly suppressed the nucleation rate of needle 
or rod-like precipitates considerably. After exposure for 
300 h, the initial nucleation number of precipitates in 
alloy 1 decreased with the increment of time, indicating 
that the needle or rod-like Y-NiMo precipitates were  
 
 
Fig. 4 Density of needle or rod-like Y-NiMo precipitates as 
function of exposure periods at 1 000 °C in Ru-free alloy 1 and 
Ru containing alloy 2 
 
unstable. 
The size (expressed by the average length of three 
longest precipitates) of the needle or rod-like Y-NiMo 
precipitates was also examined to investigate the effects 
that Ru on the growth rate of the precipitates, and the 
results are shown in Fig. 5, which showed that the 
precipitates size increased with the increment of 
exposure time at 1 000 °C. It can be seen from Fig. 5 that 
Ru addition decreased the growth rate of the precipitate. 
For instance, 2% Ru addition reduced ‘longest’ 
precipitate growth rate from 0.082 8 μm/h to 0.021 8 
μm/h in the exposure periods from 50 h to 100 h, which 
was a 73.67% reduction in precipitate growth rate. 
 
 
Fig. 5 Longest length of needle or rod-like Y-NiMo precipitates 
as function of exposure periods at 1 000 °C 
 
If one assumes that precipitate growth is controlled 
by diffusion, and the critical length of the precipitate is 
assumed to be a constant, the growth rate in the 
longitudinal direction of needle or rod precipitates may 
be proportional to time or diffusion coefficients at the 
matrix-precipitate interface. Thus, it can be considered 
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that the Y-NiMo phase precipitate lengthening is 
proportional to time as shown in Fig. 5. The value of  
(L/t) refers to the relative value of Dinterface. Thus, the 
slopes in this graph correspond to the relative value of 
Dinterface, therefore, the addition of Ru decreases the value 
of Dinterface. 
 
3.4 Influence of Ru addition on high temperature 
stress rupture properties 
The results of the tensile stress rupture tests of the 
specimens thermal exposed at 1 000 °C for 300 h under 
the test conditions of 1 100 °C and 120 MPa are listed in 
Table 4. It can be observed that the average stress rupture 
lives of alloy 2 are much longer than that of alloy 1, 
indicating that the addition of Ru can improve the high 
temperature stress rupture properties of the alloys. Figure 
6 shows the cross section microstructures parallel to the 
stress axis of the ruptured specimen at the fracture, 5 mm 
and 10 mm away from the fracture surface under the 
specimens conditions of thermal exposure at 1 000 °C 
for 300 h. 
 
Table 4 Stress rupture lives of alloys 1 and 2 at 1 100 °C and 
120 MPa 
Alloy Life/h φ/% δ/% 
60.38 34.4 16.12 
1 
49.36 39.6 23.87 
131.65 27.2 10.69 
2 
253.98 42.4 9.50 
 
 
Fig. 6 Microstructures on longitudinal section at fracture, 5 mm and 10 mm away from fracture surface of alloys 1 and 2 under stress 
rupture testing conditions of 1 100 °C and 120 MPa: (a) Alloy 1, fracture surface; (b) Alloy 2, fracture surface; (c) Alloy 1, 5 mm 
away from fracture surface; (d) Alloy 2, 5 mm away from fracture surface; (e) Alloy 1, 10 mm away from fracture surface; (f) Alloy 2, 
10 mm away from fracture surface 




By comparing the microstructures of the specimens 
after rupture, the high amount of Y-NiMo phase 
precipitates can be seen in the Ru free alloy, which 
destroyed the completeness of raft structure. In the 
Ru-free alloy, the precipitation and growth of Y-NiMo 
phase with high content of Mo lead to the decrease of the 
effective solution strengthening element content in the 
matrix, which weakens the solution strengthening effect 
in the matrix. The addition of Ru can suppress the 
precipitation and growth of Y-NiMo phase, and hence 
improve the high temperature stress rupture properties. 
Besides, the completeness of raft structure was destroyed 
by the precipitation of Y-NiMo phase in the Ru-free alloy 
during high temperature stress rupture tests. It is 
considered that the complete and regular raft structure 
acts as the effective barriers for dislocation climbing at 
high temperature. Therefore, the addition of proper 
amount of Ru in the alloy suppressed the precipitation of 
Y-NiMo phase, made the raft structure more complete 
and regular, and hence improved the high temperature 
stress rupture properties effectively. 
From the local area chemical compositions of the γ′ 
and γ phases measured by EDS in the TEM, the 
partitioning coefficient for different alloying elements 
was calculated. The partitioning coefficient k can be 







′′ =/                                                                      (1) 
where γ ′ic  is in the γ′, and γic  is the concentration of 
alloying element i in the γ phase. The value of coefficient 
k greater than 1 denotes that an alloying element is 
preferentially enriched in the γ′ matrix. The results are 
listed in Table 5. 
 
Table 5 Compositions of γ and γ′ phases determined by 
TEM-EDS (%) and the associated partitioning ratios of alloy 1 
and 2 when exposed at 1 000 °C for 300 h 
Alloy Position Ni Al Mo Ru 
γ′ 80.90 14.60 4.50 − 
γ 84.10 6.90 9.00 − 1 
γγ /′
ik  0.96 2.12 0.5 − 
γ′ 78.10 12.65 8.20 1.20 
γ 72.14 4.66 20.66 2.56 2 
γγ /′
ik  1.08 2.71 0.39 0.47 
 
The comparison of the distribution coefficients of 
alloying elements is shown in Table 3. It can be seen that 
the distribution behaviors of the same element in γ and γ′ 
phases are similar in alloys 1 and 2. The result of γγ /Al( ′k
＞1) indicates that the element Al tends to enrich in γ′ 
phase, while the results of γγ /Mo
′k ＜1 and γγ /Ru′k ＜1 
indicate that the elements Mo and Ru have segregation 
tendency in γ phase. The addition of Ru did not change 
the distribution character of the elements, but change the 
distribution coefficients of these elements and the degree 
of Al and Mo supersaturation in the γ and γ′ phases. The 
element Mo concentration in γ′ phase in alloy 2 was 
higher than that in alloy 1, i.e., 4.50% (mole fraction) in 
alloy 1 and 8.20% (mole fraction) in alloy 2. 
Interestingly, the element Mo concentration in γ in alloy 
2 was also higher than that in alloy 1, i.e., 9.00% (mole 
fraction) in alloy 1 and 20.66% (mole fraction) in alloy 2. 
In addition, the Al concentration of the γ′ matrix was 
14.60% (mole fraction) in alloy 1 and 12.65% (mole 
fraction) in the Ru-containing alloy. The Al concentration 
of γ was 6.90% (mole fraction) in alloy 1 and 4.66% 
(mole fraction) in the Ru-containing alloy. Accordingly, 
the associated partitioning ratios of Mo decreased from 
0.50 to 0.39 with the addition of 2% Ru (mass fraction), 
indicating that the addition of Ru to Ni3Al single crystal 
alloy did not result in the “reverse partitioning effect”. 
From the above analysis, it may be concluded that the 
saturation degrees of Mo in both γ and γ′ phases were 
increased by Ru addition, which can inhibit the 
precipitation of Y-NiMo phases, and hence stabilize the 
microstructure of the Ni3Al single crystal alloy. 
Ru and Mo are known to preferentially partition to 
the γ phase. In this paper, it was found that Ru addition 
did not reduce the extent of segregation of the latter 
element Mo in the γ and γ′ phases; rather, it decreased the 
area fraction in the alloy that is conductive for precipitate 
nucleation. This may be attributed to the increase of the 
solubility limits of solid solution strengthening element 




1) The addition of 2% Ru (mass fraction) 
suppressed the precipitation and growth of the Y-NiMo 
phase during the long term thermal exposure at 1 000 °C, 
and hence increased the microstructure stability of the 
present single crystal Ni3Al base alloy. 
2) The nucleation rate of Y-NiMo precipitates 
decreased considerably upon Ru addition. 
3) The growth rate of the Y-NiMo phase decreased 
with the addition of Ru. It is proposed that the diffusion 
coefficient between the Y-NiMo phase and the matrix 
interface decreased with the addition of Ru. 
4) Under the testing condition of 1 100 °C and 120 
MPa, the stress rupture lives of Ru containing alloy after 
thermal exposed at 1 000 °C for 300 h are superior to 
that of Ru free alloy. This may be attributed to the 
suppression of precipitation and growth of Y-NiMo 
phase. 
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